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Oil Palm (Elaeis guineensis Jacq.) grown on volcanic ash soils in Papua New Guinea 
(PNG) generally respond well to N fertilisers but shows a lack of consistent response to 
inorganic phosphorus (P) fertilisers. This is true even on soils with high phosphate 
retention (PR) and where Olsen P values highlighted in the preliminary survey of 
PNGOPRA field trial data are very low (<10 mg/kg) . A notable exception occurs at 
Bialla (Trial 20 I) where significant responses (yield and growth parameters) to P 
fertilisers have been found on soils with very low Olsen P ( < 4 mg/kg) and very high PR 
values (>90% to at least 60 cm depth). 
This study was done to characterise the PNG oil palm growing volcanic soils in relation 
to P responsiveness, to identify P fractions and their relative amounts, to determine the 
fate of applied P fertilisers and to compare chemical and mineralogical characteristics of 
PNG soils with some New Zealand (NZ) equivalent soils. 
Mineralogical analysis indicates that the PNG soils used in this study are relatively young 
as evidenced by the presence of very high amounts of readily-weatherable volcanic glass 
in the sand, silt and clay fractions. Soils at Hoskins, Kapiura and Bialla, all in West New 
Britain (WNB) Province, contain similar amounts and types of primary and secondary 
minerals. Soils at Bialla are probably older than those at Hoskins and Kapiura and 
contain large amounts of secondary amorphous minerals (allophane and ferrihydrite) in 
the clay fraction. Soils at Popondetta are different from those in WNB with high 
amounts of hornblende and no augite or hypersthene in the heavy mineral fraction . 
Allophane levels in the clay fraction are high to very high in soil surface layers at 
Hoskins and Kapiura and at all depths in Bialla soils. At Popondetta, allophane content 
is very low at all depths 
PR in all soils and at all depths was highly correlated with acid oxalate extractable Al 
(Alo) (r = 0.84*) and iron (Fe0 ) (r = 0.89*). The sources of these 2 extracts (allophane 
and ferrihydrite) are largely responsible for the high PR in the soils studied. High 
allophane and ferrihydrite levels at all depths in Bialla soils correspond well with very 
Ill 
high PR values ( >90%) to at least 2 m depth. Low levels of these 2 minerals in 
Popondetta soils correspond well with low PR values (30% ). Intermediate PR values 
(60 - 70%) for Hoskins and Kapiura surface soils correlates well with the occurrence of 
intermediate levels of allophane and ferrihydrite . 
In all PNG soils, a P fractionation scheme showed that the major P fractions are organic. 
At Hoskins, NaOH-Po accounts for 38 to 48% of total P. For Kapiura NaOH-Po 
accounts for approximately 50% of total P, and Bicarb.-Po accounts for 59% of total 
bicarbonate-extractable P. For Bialla soils, NaOH-Po and Bicarb.-Po comprise between 
74 and 76%, on average, of their respective total extracted P for all depths. At 
Popondetta, NaOH-Po comprises 62% and Bicarb.-Po 63% of their respective total 
extractable P contents. 
P fertiliser accumulation in Hoskins and Kapiura soils occurs mostly in organic forms 
and within the top 10 cm of soil. At Hoskins, 83% of total added P accumulated in the 
top 10 cm (53% being NaOH-Po) while 17% was found in the next 10 cm depth (31% 
being NaOH-Po). At Kapiura, 74% of total accumulated P was found in the top 10 cm 
of soil (61 % being NaOH-Po) and 26% within the 20 - 30 cm layer (81 % being 
NaOH-Po). 
The presence of amorphous minerals explains much of the behaviour of P in trial soils, 
with the major P source/sink in PNG soils being as organic forms. 
In relation to soil mineralogical and chemical characteristics, PNG soils were classified 
into one of the major 3 groups in terms of responsiveness to P fertilisers; (a) soils with 
very high PR (>90%) and Olsen P values of less than 4 mg/kg which are considered 
most likely to respond to inorganic P fertilisers e.g. Bialla soil, (b) soils with medium to 
high PR (60 - 70%) will likely show inconsistent responses to P fertilisers and P 
responses are most likely to be secondary to N e.g. Hoskins and Kapiura soils and 
( c) soils with low PR (30 - 40%) which are unlikely to respond to P fertilisers at least in 
the foreseeable future e.g. Popondetta soils. 
IV 
This study highlights a future need for further study of the dynamics of P nutrient 
cycling, specifically the mineralisation rates of organic matter and the release of Pi for 
plant uptake in PNG oil palm growing soils. Also there is a need to re-establish the leaf 
critical concentration because in PNG soils though leaf levels are generally less than 
0.150% DM, palms do not always respond to P fertilisers. This suggests that the 
"critical" P concentrations under PNG conditions is probably less than the international 
standard at 0.150% DM. 
Mineralogical and P sorption characteristics of young volcanic ash soils in NZ are 
sufficiently similar to those in PNG to provide useful information about the general 
behaviour of P fertilisers and P reaction products in oil palm production systems. 
v 
ACKNOWLEDGMENTS 
I express my gratitude to the following people for their help in doing this thesis. 
Firstly to my 2 supervisors, Dr. Max Turner and Professor Russ Tillman for their 
encouragement, supervision and critical suggestions. 
To the New Zealand Landcare staff; Dr. Roger Parfitt for helpful suggestions and 
analysis for allophane and feITihydrite, Mr. Joe Whitton for helping with mineralogical 
analysis and Ms. Linda Hill for carbon and nitrogen analysis. 
To Mr. Bob Toes for assistance with Olsen P tests. 
To Soil Science Department technicians for assistance in use of various laboratory 
equipment. 
To Mr. Ian OITell (DOR-PNGOPRA) for help in making this study possible for me. 
To Mr.Graham King and Mr. Allan Oliver for providing literature review materials and 
Joe Y ambun and Doreen for helping in soil sampling and handling. Also to all 
PNGOPRA workers who actually helped in sampling the soils. 
A special thanks to my wife, Nambua for looking after our 3 children; Enzeng, Serah 
and Yandisao during my absence. Also a special thanks to my parents at home for their · 
never ending support. 
Finally, this piece of work though may not be the best, I would like to dedicate it to the 
20 people in my village (Mataya, Wantoat Sub-District, Morobe Province, PNG) who 
were covered by landslide while gardening in 1993. 
VI 
TABLE OF CONTENTS 
ABSTRACT .......................................... ..................................................................... .ii 
ACKNOWLEDGMENTS ............ ... .. ................. .. ... ... ... .... .. ....... ....... .... .. .. ..... .... ........ v 
TABLE OF CONTENTS ...... ...... .... ...... ..................................................................... vi 
LIST OF TABLES .... ...... ....... ... .. ................... ........ ........... ........................................ xii 
LIST OF FIGURES ...................... ... .......... ... ................... ........ .. ..... ... .... ..... ... ... ... .... xiv 
CHAPTER 1 
INTRODUCTION ........ ... .......... .. .... .. ....... .... .. .... ... .... .... ... .. ..... ... .. .. ......... ............... .. .. 1 
CHAPTER2 
LITERATURE REVIEW 
2.1 OIL PALM GROWING SOILS ... .. ... ..... .... ................. ... ... .......... .. .... ...... ...... ... .. 3 
2.1.1 Introduction ............................ ..... ........... ... ................ .. ............................... 3 
2.1.2 Latosols ...................................................................................................... 3 
2.1.3 Alluvial Soils ........................ .. .... ... ... ....... ... .... ... ......................... .. ...... ......... 4 
2.1.4 Oil Palm Growing Soils in Papua New Guinea (PNG) ................................. .4 
2.1.4.1 Hoskins, Kapiura and Bialla ............................................................ 5 
2.1.4.2 Popondetta ........................... ................................. .. ................... .. .. 6 
2.2 MINERALOGY OF SOIL PARENT MA TERIALS .......... ..... ........... ............ .. . 7 
2.2.1 Primary Mineral Composition of Volcanic Ash Materials ............ .. ............... 8 . 
2.2.2 Secondary Mineral Composition of Volcanic Ash Soils ................................. 8 
2.2.2.1 Allophane ......................................................................................... 8 
2.2.2.2 Imogolite .......................................................................................... 9 
2.2.2.3 Halloysite ............................ ........................................................ .. ... 9 
2.2.2.4 Ferrihydrite ...................................... .......... ......... .......... ... ............... 10 
2.2.3 Soil Weathering and Formation .................................................................. 10 
2.2.3 .1 Temperature ................................................................................... 11 
Vil 
2.2.3.2 Rainfall, Leaching and Drainage .......... ................ ....... ..................... 11 
2.2.3 .3 Tephra Thickness and Depth of Burial Effect.. .. .. .. ... .......... .. .... .... ... 12 
2.2.3.4 Organic Cycle Effects ...... ... .. ..... ... .................... ... .... .... .......... .... ..... 12 
2.3 REACTIONS OF PHOSPHORUS IN SOILS ... .. .... ... .... .. ..... .... .. .. ...... .. .. .. .... .. 13 
2.3.1 Permanent and Variable Charge Clay Minerals ....... .......... .... ... ... ..... .... ...... .. 13 
2.3 .1 .1 Permanent Charge ... .. ....... .... .. ...... ..... ...... ... .......... .... ........ ....... ....... . 13 
2.3.1.2 Variable Charge .. .. .. ... ........ ... .. ... ...... ... .. .. ... .. ..... .... ..... .... ......... .. ... .. .. 14 
2.3.2 Phosphate Adsorption .. ... .. ... .... ...... .. .... .. .... .. ....... ... .... ..... ..... .. .... .... ........ .. .. 15 
2.3.2.1 Adsorption Mechanisms of Phosphates on the Variable Charge 
Surface Clay Minerals ...... ... ..... ....... ...... .... .. .. .. ...... ... ... ....... ...... ...... .. 15 
2.3.2.1.1 Allophane ...... .. .... ........ .. .. ..... ..... ... .. ... ... ............... ....... .... ... 16 
2.3.2.1.2 Iron Oxides .. ... ... ....... ....... ... ... ... ... ....... ... .. .. .. .. ...... ... ... ....... 17 
2.3.3 Phosphorus Desorption ...... ...... .... ... ..... ..... ......... .... ...... ....... ...... .. ..... ... ... ... . 17 
2.3 .4 Phosphate Retention .. .. ..... ......... .. ...... ....... ... .. .. ..... ... ... ... ...... ..... ...... .. ... ..... .. 17 
2.4 PHOSPHORUS FORMS IN SOILS .. .. .. ........ ......... ...... ......... ..... ... ... ... ... ... .. .. .. 17 
2.4.1 Soil Inorganic P Fractions .... ..... .. ...... ..... .. ....... .... .. ..... ... ... ... ........ ... .. ....... .. .. 19 
2.4.1.1 Reactions of P Fertilisers in Soils ...... ....... ... .... .. ... ....... .. .......... ......... 20 
2.4.2 Soil Organic P Forms .. ....... .. .. ........ ......... ..... ... ..... ........ .. ............... .......... ... 20 
2.4.2.1 Factors Influencing Organic P Contents ..... ....... .. ........................... 21 
2.4.2.2 Nature of Soil Organic P Compounds .. ..... .. ...... .. .. ........................ .. 21 
2.4.2.2. l Inositol ................... .............. .... ....... .................... .. ....... .. 21 
2.4.2.2.2 Phospholipids ..... .. .. ....... ..... .... .. ....... ..................... ........ ... 22 
2.4.2.2.3 Nucleic Acids ............................ ..... ..... ....... ..................... 22 
2.4.2.3 Organic P Turnover ............................................. ........................... 22 
2.4.2.3.1 Immobilisation I Mineralisation ... ..... ... .... .. ....................... 23 
2.4.2.4 Organic-P as P Source for Crops .................................................... 24 
2.5 PHOSPHORUS NUTRITION OF OIL PALM ............................................... 25 
2.5.1 Oil Palm Responses to Inorganic P Fertilisers ............................................. 25 
2.5.1.1 P responses in PNG ............................................. ................ .......... 25 
2.5.1.1.1 Hoskins Trials ................................................................. 25 
2.5 .1.1.2 Kapiura .......................................................................... 27 




2.5.1.1.4 Popondetta ..................................... ................... .............. 27 
2.5 .1.2 Oil Palm Responses to P Fertiliser Applications in Other Parts of 
the World .............................. .................................... ..................... 28 
2.5.2 Physiological Roles of Phosphorus in Oil Palm ........... .......... ... .................... 28 
2.5 .2.1 Energy Transfer. .......... ...................................... .. ....... ..................... 29 
2.5.2.2 Genetic Functions ................................. ....................................... .... 29 
2.5.2.3 Cell Structural Components ..................... ..... ......................... ...... .... 29 
2.5.2.4 Storage in Seeds .................. ....... ..... ..... .. ............ .. ............. ........ ... ... 30 
2.5 .3 Effects of Phosphorus Deficiency .................................................... ............ 30 
2.5.4 P Concentration in Oil Palm Leaves ............................................................. 31 
2.5.5 General Description and Functions of Oil Palm Root System ...................... 32 
2.5.6 The Oil Palm Phosphorus Uptake .............................................. .................. 33 
2.5.7 Phosphorus in Soil Solution and Root Rhizosphere .. ..... ................... ........... 34 
2.5.8 Processes Involved in the Movement of Phosphorus to Root/Soil Interface . .35 
2.5.9 Absorption of Phosphorus by Plant Roots .................................................... 36 
2.5.10 Factors Affecting P Uptake ........................................................ .. ... ....... .... 36 
2.5 .10. l Changes in P Absorption with Age ...................................... ....... .. . 36 
2.5.10.2 Changes with Soil Depth ................................................... ........... 37 
2.5.10.3 Morphological Properties of Roots .... .... ... .... .. .. .... .. .... .... ...... ......... 37 
2.5.11 Rhizosphere Microorganisms and Phosphorus Uptake .. ...... .... ............. ...... 37 
2.5.12 Summary .................................................................... ...................... ... ..... . 38 
CHAPTER3 
METHODS AND MATERIALS 
3.1 SAMPLING SITES AND SAMPLING PROCEDURES ......... ...................... .40 
3.1.l Site Descriptions .. ........... .... ............................................ ........................... 40 
3.1.1.l Hoskins Trial 107 .............. .. .... .... ..... ...... ................... .. ................... 40 
3.1.1.2 Kapiura Trial 402 ................................................. ........... ............... 40 
3.1.1.3 Bialla Trials 20 I and 205 ............................................................... .41 
3 .1.1.4 Popondetta Trial 323 ........................ .... .................................... .... . .41 
3.1.2 Sampling Procedure ...................... ........... ..... ... ............. ......................... .... 41 
IX 
3.2 SOIL MINERAL ANALYSIS ..... ............. ........ ................................................ 43 
3 .2.1 Detennination of Non-crystalline Secondary Minerals 
(Allophane and Ferrihydrite) ........ ......... .. ........... ... ........ ........................... .48 
3.2. l. l Acid Oxalate Extract.. ............................. .......... ..... ........... ............ .48 
3.2. 1.2 Sodium Pyrophosphate Extraction .......... ............ .... ......... ... ......... .. .48 
3.3 SOIL CHEMICAL ANALYSIS ....................... ..... ................ ... .... .................. .49 
3.3. l pH in Water. ....... ...... ......................................... .. ...... ..... ... .. ... ..... .............. 49 
3.3.2 pH in lM KCl. .... .................................... .. ....... .... ... ........ ............ ...... ... ..... 49 
3.3.3 pH in l M NaF Solution ................ ... ................................................. ... ..... .49 
3.3.4 Phosphate Retention ........................................ ..................................... .. ... 50 
3.4 PHOSPHORUS FRACTIONATION ............................................................... 50 
3.4. l Sequential Extraction Procedure ................. ................................................ 50 
3.4.2 Bicarbonate P Fractionation .... ....................... ............. ..... .. ... ...... .... ............ 53 
3.4.2.1 Bicarbonate Pi ....... ...... ... ................. ........ ............ ............... .... ........ 53 
3.4.2.2 Bicarbonate Po .................... ...... ............................ ................... ... .. 53 
3.5 TOTAL CARBON AND NITROGEN DETERMINATION .. ............. ........... 54 
3.6 OVEN DRY WEIGHT ...................................... ........ ................. ... .. .............. ... 54 
CHAPTER4 
RESULTS AND DISCUSSION 
4.1 SOIL MINERALS .......... ... ...... ............ .................... .................. .... ..... .............. 55 
4. 1.1 Sand and Silt Fractions ... ..... .......... ... .... ...... ...... ... .. ... ...... ... ... ..... .. ............... 55 
4.1.2 Clay Fraction ...... ... ... ... ... ........ ............ .............................. ... ... ........ ... ....... .. 58 
4. 1.3 Non-crystalline Secondary Soil Minerals ............ .... ...... ........... ....... .. ... ........ 61 
4. 1.3 .l Hoskins Soils ( 107) ... .. .... ...... .. ... ... ... .. ......... ... ... .... ............. ..... ....... 62 
4.1.3.2 Kapiura Soils (402) ........................................... ................. ....... ... .. 63 
4.1.3.3 Bialla Soils (205 and 201) .................................................. ...... ...... 63 
4.1.3.4 Popondetta Soils (323) .. ....................... ..... .............. ... .............. ...... 65 
4.1.2.5 New Zealand Soils ... .. .. ............. .... ....... ........ ....................... ..... ... ... 65 
4.2 SOIL CHEMICAL PROPERTIES ................. ..................... ...... ... ... ........ .. ...... 66 
4.2.1 pH in Water and lM KCl. ... .. ....... ..... .......... ..... .... .... ............. .............. ........ 66 
x 
4.2.2 pH in lM NaF and Phosphate Retention ..................................................... 69 
4.2.2. 1 pH in lM NaF ....................................... ......................................... 69 
4.2.2.2 Phosphate Retention ...... .. .. ........... ... ... ....... ...... ..... .. ............. ...... .. .. . 70 
4.2.2.2.1 Hoskins and Kapiura Trials I 07 and 402 ............................ 70 
4.2.2.2.2 Bialla Trials 205 and 201.. ... .......... .. .......... ...... ..... ...... ... ... . 70 
4.2.2.2.3 Popondetta Trial 323 ......................................................... 71 
4.2.3 Relationships; Phosphate Retention and Oxalate-Extractable Al and Fe ....... 72 
4.3 PHOSPHORUS FRACTIONATION ............ .. .......... ...................... ...... .... ....... 74 
4.3 .1 Introduction - P Fractions ........................................................................... 74 
4.3 .1 .1 Readily Available P Forms ..... .......................... ... .......... ... ..... .... ...... 74 
4.3.1.2 Less Readily-Available P Forms ...................................................... 75 
4.3.1.2.1 Organic P Forms ........... ................... ...................... ........ ... 75 
4.3. 1.2.2 Inorganic P Forms .. .. ... ......... ..... .. ........ ...... ........ ............... 75 
4.3.1.3 Unavailable P Forms ............ .. .... ............................ ......... .............. .. 76 
4.3.2 Hoskins Soils .............................................................................................. 76 
4.3.3 Kapiura Soils ....... ........... ........ ..... ..... .......... ....... .......... .. ................. ... ... .. ... . 82 
4.3.4 Bialla Soils (Trials 205 and 201) ......... ....... .... ............... .. ... ...... ... .... ..... ... .... 85 
4.3 .5 Popondetta Soils (Trial 323) ....................................................................... 87 
4.3.6 New Zealand Soils .... .......... .. .. .......... .......... .............. ... ........ ......... .... .... .. ... . 87 
4.3 .7 Comparison Amongst PNG Soils ..... .......... ...... .... ..... .. ..... ..... ........... ... .. ..... 88 
4.3.8 Comparison Between PNG and New Zealand Soils ................. ............ ........ 89 
4.4 PHOSPHORUS ACCUMULATION FROM FERTILISER 
APPLICATIONS ............................. .. ....... ..... ............ .......... ... ...... .... ... ..... ......... 89 
4.5 TOTAL CARBON AND NITROGEN ANALYSIS ......................................... 98 
4.6 GENERAL DISCUSSION ................... ... ............................... ......................... 102 
4.6.1 Review of PNG Oil Palm Field Trials ........................................................ 102 
4.6.2 Soil Characteristics (Chemical and Mineralogical) and Phosphorus Status.103 
4.6.2.1 Mineralogical Properties and Phosphate Retention ........................ 103 
4.6.2.1.1 Hoskins and Kapiura ...................................................... 103 
4.6.2.1.2 Bialla ............................................................................. 104 
4.6.2.1.3 Popondetta .................................................................... l 05 
4.6.3 Comparison of NZ and PNG Soils ............................................................ 105 
Xl 
4.6.4 Fate of P Fertilisers in PNG Soils .. ..... .... ... ... ... ... ..... .. ..... ......... ..... ..... ........ 106 
4.6.5 Categorising Soils for P Responsiveness ... .. .. ... ........ .... ... .. ....... ... ... ... ........ 107 
CHAPTERS 
5.0 CONCLUSION AND IMPLICATIONS ............... .. .. ...... ..... ... ..... ....... .. ..... ... ... 109 
REFERENCES .............. ..... ..... ... .......... ......... .... .... .......... .......... ........... ............. ... ... 11 3 
APPENDICES .... ........... ... .... .. ... .... ........ .. ... .... ... ........ .. .. ... ... .. .... .... .. .... .... .. .......... .... 128 
X11 
LIST OF TABLES 
Table 2.1 Total Si02 % Composition of Volcanic Ash Materials ..... ............ ... .... ........ .. ? 
Table 2.2 Examples of Common Primary P Minerals ........... ..... .... ....... .... ....... .... .. .. .... . 18 
Table 2.3 PNG Field P Fertiliser Trial Results, January 1988 to December 1990 ... ..... 26 
Table 2.4 Critical Nutrient Concentration in Oil palm Leaf (IRHO Trials) ... ................ 31 
Table 2.5 Critical Nutrient Concentration in Oil palm Leaf 
(Malaysian Trials) ...... .... ......... ..... ......... ............ ........ .................. ... ............ 31 
Table 2.6 Nutrient Removal, Immobilisation and Turnover in Adult Oil Palms 
(kg/ha/yr) .. ... .. ............................................................... ........ .......... .. ....... .. .. 34 
Table 4.1 Sand and Silt Fractions Minerals in a Range of Volcanic Soils from PNG 
and NZ .............. .... ..... .. .............. ... ..... ....................................... ................. 57 
Table 4.2 Clay Fraction Minerals .... ...... .... ...... .. ...... .. ..... ..... .... ...... ... ... ... .. ..... .............. 60 
Table 4.3 Acid Oxalate Al, Fe and Si Extracts ........... ... ........... ........ ....... .... .. ..... .. ... .... 64 
Table 4.4 Soil pH's and Phosphate Retention at 0 - 30 cm Depths .... ....................... ... 68 
Table 4.5 Correlation of Phosphate Retention with Al0 and Fe0 for all Soils and 
Depths .... ......... .... .. .......... ........ .. ......... .... ........... ... .. .... .. ................ ........... ... 72 
Table 4.6 Correlation of Al0 and Fe0 with Phosphate Retention at Individual Depths .. 72 
Table 4. 7 Regression Equations for Relationship Between Phosphate Retention 
and Allophane and Ferrihydrite Contents Over All Soils and Depths ............ 73 
Xlll 
Table 4.8 P Fractions in mg/kg(% of Total Extractable Pis shown in Parenthesis) ..... 78 
Table 4.9 Average Organic P % for all Soil Depths for PNG Soils ... ..... .. ...... ..... .. ....... 88 
Table 4.10 Total Soil P Contents of Fertilised and Nonfertilised Soils at Hoskins ( 107) 
and Kapiura (402) ..... .... ... ... ..... ...... ...... .. .... ..... ..... .. .... ..... ... ............... ..... .... 92 
Table 4.11 P Accumulation of P Fractions in Hoskins Soils at 0 - l 0 cm Depth ........ ... 94 
Table 4.12 P Accumulation of P Fractions in Hoskins Soils at 10 - 20 cm Depth ....... .. 95 
Table 4.13 P Accumulation of P Fractions in Kapiura Soils at 0 - 10 cm Depth .... .... ... 95 
Table 4.14 P Accumulation of P Fraction in Kapiura Soils at 20 - 30 cm Depth .. ........ 96 
Table 4.15 Total Soil C, N and C:N Ratios for PNG and NZ Soils ... .. ............. .......... 100 
XIV 
LIST OF FIGURES 
Figure 3.1 Flow Sheet for Soil Mineralogical Analysis ..... ......... ... ...................... ...... .. .44 
Figure 3.2 Outline of Hedley' s Sequenti al P Fractionation Procedure ..... .. .. ...... .......... 51 
Figure 4.1 P Fractionation Scheme ........... .... .. ......... ..... ..................................... ....... .. 74 
Figure 4.2 (a) Relative Proportions of P Fractions - P Fractions, Hoskins Soils Trial 
107HP .................................. ......... ....... ... .. ..................... ....... ........ ... .. . 8 1 
Figure 4.2 (b) Relative Proportions of P Fractions - Bicarbonate Extractable P, 
Hoskins Soils Trial 107 HP ..... ....... ...... ...... ..... .. ...... ... ......... ..... ... ...... .. .. 81 
Figure 4.3 (a) Relative Proportions of P Fractions - P Fractions, Kapiura Soils Trial 
402 HP ... .................. ... ... .... ..... ...... ... ....... .. ..... .. .. .. ..... .. .................. .... ... 84 
Figure 4.3 (b) Relative Proportions of P Fractions - Bicarbonate Extractable P, 
Kapiura Soils Trial 402 HP ... ... ... .. ... ... ... .. ................. ..... ... .. .... ......... ..... . 84 
Figure 4.4 (a) Relative Proportions of P Fractions - P Fractions, Bialla Soils Trial 
201 .... ...... .. .. .... .. ...... ...... ..... ... .... .. ............. .... ......... ...... ... ....... ... ........ ... 86 
Figure 4.4 (b) Relative Proportions of P Fractions - Bicarbonate Extractable P, Bialla 
Soils Trial 201 ....................................................................................... 86 · 
Figure 4.5 Outline of P Fertilised Area per Oil Palm Tree ................ .......... .. .............. 91 
